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Mouse cardiac conduction system model 

The invention pertains to the field of biology and genetic manipulation in isolated cells or 
in living organisms to produce transgenic non-human animal models for testing 
compounds useful for treating various pathologies. More specifically, the invention 
relates a transgenic mouse which has integrated a reporter gene in the locus of the Cx40 
gene, wherein said reporter gene is expressed in the different components of the cardiac 
conduction system (CCS) including in the atrio-ventricular node (AVN), His bundle, 
bundle branches and Purkinje fibers. 

Background of the invention 

Cardiovascular diseases represent the first cause of mortality in our modern societies. 
Troubles in the conduction of the electrical activity through the heart are frequently 
observed in these pathologies and they could lead to arrhythmias underlying the direct 
cause of death (Zipes and Wellens, 1998). The Purkinje conduction system is also in 
involved in ventricular fibrillation representing the main mechanism of cardiac sudden 
death in human (Haissaguerre et al„ 2002). Multiples causes such as genetic and 
environmental factors have been advanced to explain the high incidence of arrhythmias 
and several genes responsible for familial diseases have already been discovered (review, 
(Roberts and Bragada, 2003). 

Pumping function of the heart depends on the well co-ordination of cardiac contractions 
that are triggered by a depolarizing electrical activity. The cardiac conduction system 
(CCS), mediates the propagation of this electrical impulse through the different cardiac 
compartments. The different components of the CCS are well described in mammals and 
distinguishable by anatomic, histologic and electrophysiological features (Davies et al„ 
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1983; Massing and James, 1976; Schram et al., 2002; Viragh and Challice, 1977b). The 
sinoatrial node (SAN), localized in the right atrium, is responsible for the pacemaker 
function of the heart (Boyett et al., 2000). From this node, the impulse spreads through 
the atria and reaches the atrio-ventricular node (AVN). After a small delay, the impulse is 
then transferred to the ventricles through a specialized conductive system, which 
comprises the his bundle, the bundle branches (BB) and the Purkinje fibers (Pt). The gap 
junctions (GJs) ensure the electrical coupling between cardiomyocytes by connecting 
cytoplasms of two adjacent cells. The GJs are aggregates of intercellular channels formed 
by transmembrane proteins belonging to the connexin family (Cx) (Review, (Gros and 
Jongsma. 1996; van Rijen et al., 2001). 

[0004] The structure and function of the CCS have extensively studied in big mammals (dog, 

rabbit, bovine) because this specialized tissue can be easily isolated from the compact 
layer of the heart (Davies et al. 1983). Nevertheless, the murine CCS is poorly 
characterized because of the impossibility to visualize these cells from the surrounding 
ventricular myocardium. As a result, there is no mouse CSS model available as of today. 

[0005] However, there a great need for a mouse model since disturbances in the CCS leads to 

arrhythmias which may lead to sudden death as well as other cardiac medical conditions. 

[0006] Few decades ago, it has been shown that the murine cardiac conductive cells can be 

recognized from the working myocytes by histological differences with electronic 
microscopy procedures (Viragh and Challice, 1 977a; Viragh and Challice, I 977b). 
However, this specialized tissue is undistinguishable from the ventricular wall when the 
ventricular cavities are exposed under a stereomicroscope. The detection of the CCS and 
electrophysiological measurements are not directly possible in mouse models stained for 
ACTH (Anumonwo et al., 2001) or in the CCS-LacZ transgenic mice expressing LacZ 
reporter gene in the developing cardiac conduction system (Rentschler et al., 2001). In 
both cases, the revelation of the CCS was done after fixation of the tissues that render 
impossible direct electrophysiological analyses. 
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[0007] Therefore, it is necessary to design alternative models that would allow such analysis. In 

this regard, we obtained transgenic mice expressing a reporter protein specifically in the 
CCS tissue which circumvent the above mentioned problems. This has been possible by 
targeting the connexin-40 (Cx40) locus. 

[0008] In mammals, the connexin-40 (Cx40) is expressed in cardiomyocytes and vascular 

endothelial cells. In the heart, Cx40 is restricted to the atria and to the ventricular 
conduction system (AVN, His bundle, bundle branches and Purkinje fibers) and is not 
expressed in ventricular contractile myocytes (Coppen and Severs, 2002; Delorme et al., 
1997; Delorme et al.., 1995). In mice lacking the Cx40 gene, abnormal ECGs have been 
recorded and are associated with conduction defects in the right and left BB (Bevilacqua 
et al.. 2000; Kirchhoff et al., 1998; Simon et al., 1998; Tamaddon et al., 2000; van Rijen 
etal.,2001). 

[0009] We have generated transgenic mice in which the vital marker eGFP is expressed in the 

entire ventricular conduction system by knock-in the GFP gene at the Connexin 40 locus. 
eGFP is detected in the different components of the CCS such as the AVN, His bundle, 
bundle branches and Purkinje fibers. We have shown that eGFP cells present electrical 
features of conductive cardiomyocytes and that the anatomical description of the left and 
right bundle branches are correlated with their respective electrical activity maps 
recorded. These data give an accurate image of the entire mouse ventricular conduction 
system. 

[001 0] Our results show that the anatomical asymmetry observed between the right and left 1313 

with GFP expression corresponds to a physiological reality as it is proven by the 
activation maps recorded for each branch. So, the propagation of the electrical activity 
follows the anatomic roads forming by the RBB and LBB revealed in GFP. These data 
confirm the hypothesis that the morphological discrepancy observed between the thin 
RBB and the large LBB may explain the occurrence of RBB block in Cx40 knockout 
mice while only slowing propagation was observed in the left branch (Tamaddon et al., 
2000; van Rijen et al., 2001). It is noteworthy that in human patients a higher 
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susceptibilty to develop RBB block than LBB block (Dorman et al., 2000). 

[001 1] Such a precise anatomic picture of the murine conductive tissue was never given before 

in the literature. These images of the murine CCS are identical to those given for the 
human heart a century ago, demonstrating a perfect conservation of this anatomic 
structure between the mouse and the big mammals (Tawara, 1906). We have shown that 
the morphology of the CCS fits perfectly with the propagation of the electrical activity in 
the heart. 

[0012] So, we found that a structure function relationship exists between the GFP images and 

electrical activation maps. 

[0013] The GFP is a powerful tool in molecular and cell biology (Hadjantonakis et al., 2002). 

The main advantage of using this reporter gene in our KI Cx40/GFP mouse model comes 
from the fact that this protein can he easily detectable on living tissues and cells. 
Therefore, the Cx40/GFP mice of the invention represent the first model in which this 
tissue is directly visualized on fresh tissue. This is a tremendous progress for performing 
electrophysiological studies of the mouse CCS as well as testing compounds which could 
be useful for preventing or treating various cardiac medical conditions. 

Description 

[0014] Therefore, in a first aspect, the invention relates to a transgenic mouse which has 

integrated a reporter gene in the locus of the Cx40 gene, wherein said reporter gene is 
expressed in the different components of the cardiac conduction system (CCS) including 
the atrio-ventricular node (AVN), 1 -us bundle, bundle branches and Purkinje fibers. 

[001 5] The transgenic mice of the invention are capable of transmitting the knocked-in reporter 

gene to their offsprings. 

[0016] The reporter gene of the invention can encode for a reporter protein selected in the group 

consisting of autofluorescent proteins and enzymes detectable by a histochemical 
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process. The autofluorescent protein is selected in the group consisting of the green 
fluorescence protein (GFP), the enhanced green fluorescence protein (eGFP), the red 
fluorescence protein (RFP), the blue fluorescence protein (BFP), the yellow fluorescence 
protein (YFP) and the fluorescent variant of these proteins. The enzyme detectable by a 
histochemical process is selected in the group consisting of p-galactosidase, p - 
glucoronidase, alcaline phosphatase, luciferase, alcohol deshydrogenase, 
chloramphenicol-acetyl transferase, peroxydase. The substrates to be used with these 
specific enzymes are generally chosen for the production, upon hydrolysis by the 
corresponding enzyme, of a detectable color change. Substrate can be soluble or 
insoluble, added into the culture medium or in the organism, or present in the host cell, 
depending upon the chosen method. For example, 5-bromo-4-chloro-3-indoyl 
phosphate/nitroblue tetrazolium is suitable for use with alkaline phosphatase conjugates; 
for peroxidase conjugates, l,2-phenylenediamine-5-aminosalicylic acid, 3,3,5,5,- 
tetramethylbenzidine, tolidine or dianisidine are commonly used. 

[0017] Such mice may be obtained by preparing vectors comprising the coding sequence of the 

reporter protein, which vector is suitable for homologous recombination into the Cx40 
gene locus or which has also integrated recombinase protein specific sites to also excision 
and insertion of said sequence into the Cx40 gene locus. Preferably mice ES cells which 
have integrated said reporter gene sequence are selected and implanted in mice embryos 
leading to adult mice expressing the transgene and ES cells have contributed to the 
formation of the germinal tissue. 

[001 8] The expression "recombinase protein 55 is understood to designate recombinases of the 

family of integrases which catalyze the excision, insertion, inversion or translocation of 
DNA fragments at the level of specific sites of recognition said recombinases (Steinberg 
et al., 1986; Sauer, et al., 1990; Barbonis et al., 1993; Kilby et al., 1993; Sauer, 1994; 
Denisen et al., 1995). These recombinases are active in animal cells (Sauer, 1994). The 
recombinase protein of the invention is preferably selected from the group of site-specific 
recombinases composed of the Cre recombinase of bacteriophage PI, the FLP 
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recombinase of Saccharomyces cerevisiae, the R recombinase of Zygosaccharomyces 
rouxii pSRl, the A recombinase of Kluyveromyces drosophilarium pKDl, the A 
recombinase of Kluyveromyces waltii pKWl , the integrase X Int, the recombinase of the 
GIN recombination system of the Mu phage, of the bacterial P recombinase (Diaz et al. 5 
1999) or a variant thereof. 

[0019] In a particular embodiment, a transgenic mouse of the invention which has integrated the 

eGFP gene in the locus of the Cx40 gene will be referred herein as Cx40 KIGFP/+ . 

[0020] In this Cx40 KJGFP/+ mouse, the Cx40 gene is active and the Cx40 protein is expressed and 

co-localized with the eGFP transgene. 

[0021] The invention also relates to a mouse offspring resulting from the crossing of a mouse 

according as depicted above with a mouse of the same or different genetic background, 
wherein said mouse offspring is a double eGFP+ allele. 

[0022] In addition, a Cx40 KIGFP/+ mouse may further comprise at least one allele which is 

inactivated. 

[0023] Such mice as defined above are particularly useful as cardiac conduction system (CCS) 

model. For example, in a Cx40 K!GFP/+ mouse, the eGFP+ cells present electrical features 
of conductive cardiomyocytes and the anatomical description of the left and right bundle 
branches are correlated with their respective electrical activity maps recorded, providing 
an accurate image of the entire mouse ventricular conduction system. Therefore, the GFP 
images obtained after applying action potentials stimuli correspond to the electrical 
activation maps. 

[0024] In a second aspect, the invention is aimed at a method for performing 

electrophysiological studies of the mouse CCS comprising applying an action potential 
stimuli to a mouse according to the invention and taking images of fluorescent tissues 
with a digital camera. 
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Alternatively, the method of the invention may consist of testing whether or not a 
compound is inducing cardiac arrhythmias comprising administering said compound to a 
mouse as defined above and taking images of fluorescent tissues with a digital camera. 

Also, the method of the invention may consist of screening compounds capable of 
preventing or treating cardiac arrest comprising administering candidate compounds and 
inducing ventricular fibrillation to a mouse as described above, taking images of 
fluorescent tissues with a digital camera and selecting a subset of compounds for which 
cardiac protection is observed in said fluorescent images. 

The invention also encompasses a method for screening compounds capable of 
preventing or treating a cardiovascular disease comprising administering candidate 
compounds and inducing the onset of said cardiovascular disease to a mouse as 
mentioned above, taking images of fluorescent tissues with a digital camera and selecting 
a subset of compounds for which cardiovascular disease protection or cure is observed in 
said fluorescent images. 

These methods may further comprise an action potential recordings, an ECG recording 
and/or a septal mapping. 

It will be referred to the figure legends in the detailed description below. 
Figure legends 

Figure 1: Generation and molecular characterization of KI Cx40-GFP mice. 

Genomic structure of the Cx40 gene with a unique coding exon (black box). A targeting 
vector comprises 2.7kb and 5.7kb of Cx40 genomic sequences as 5 ' and 3 homology 
arms; the eGFP coding sequence (dashed box), is inserted in frame at the Cx40 start 
codon followed by a pgk-neo cassette (dotted box) flanked by two LoxP sites (black 
arrowheads). Probes for Southern-blot are represented by bold line on top of the Cx40 
genomic representation (5', 3'), X, Xbal; B, Bglll. 
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[003 1] Identification of homologous recombinant allele KI Cx40-GFP by Southern-blots. DNA 

from recombinant ES cell clone (ES) and from wild type (+/+) and heterozygous 
Cx40+/GFP (+/KI) mouse tail were digested with Bglll or Xbal and hybridized with two 
external probes 5 ' or 3', respectively. The unique insertion of the targeting vector was 
verified by hybridization of the Xbal digested DNA with the internal probe 
corresponding to the neo sequence (neo). 

[0032] Transcriptional analysis by RT-PCR of RNA extracted from Cx40+/GFP atria. Primers 

Exonl (Exl) and Exon2 (Ex2) amplified a 380bp band corresponding to the Cx40 wild 
type transcripts, whereas Exl and GFP primers produced a 450bp fragment from KI 
Cx40-GFP allele. 

[0033] Cx40Exl (5'-AGAGCAAATAACAGTGGGCAGTTGA-3') (SEQ ID No 1) 

[0034] Cx40Ex2 (5'-ACCAGG-CTGAATGGTATCG -3 ') (SEQ ID No 2) 

[0035] GFP (5 '- AGAAGTCGTGCTGCTTCATG-3 ') (SEQ ID No 3). 

[0036] Co-localization of Cx40 and GFP proteins in atrial cardiomyocytes. The right panel 

represent the bright field section of a CX40+/GFP mouse atrium. In the left panel, green 
fluorescent corresponds to the cytoplasmic expression of GFP in all atrial 
cardiomyocytes, and the red fluorescence corresponds to an immunostaining with an anti- 
Cx40 antibody. 
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Figure 2: eGFP expression in adult heart of Cx40GFP/-t- transgenic mice. 

[0037] Unfixed adult whole heart exposed to a GFP excitation source and examined under 

dissecting microscope with the appropriate filters (Leica). GFP fluorescent is visible in 
both atria (a) and in coronary arteries (arrows). 

[0038] Upper view of an adult heart after removal of the atria, GFP expression is localized in the 

His bundle at the summit of the interventricular septum (arrow). 

[0039] GFP expression observed in the left ventricular cavity. The ventricular chamber was 

opened on one side to expose the left septum side and the ventricular free wall, these are 
approximately separated by a dotted line. GFP expression revealed the structure of the 
LBB and the left web of the Purkinje system. LBB, left bundle branch; Pf, Purkinje 
fibers. 

[0040] GFP expression observed in the right ventricular cavity. The separation between the right 

side of the interventricular septum and the ventricular free wall is defined by a dotted 
line. GFP is detected in the RBB and Purkinje fibers. The septal artery is indicated by 
arrows. AVN, atrio ventricular node; HIS, common bundle; RBB, Right bundle branch. 

[0041 ] (E-H) Frozen sections of paraformaldehyde pre-fixed adult heart observed under 

microscope with a green excitation light (488nm) E: High power section of the sino-atrial 
node (SAN). GFP is observed in the crista terminalis (CT), and in endothelial cells of the 
nodal artery (arrow). 

[0042] GFP expression in the His bundle (HIS) and in the left (LBB) and right (RBB) branches. 

[0043] GFP expression in the atrio-ventricular node (AVN). 

[0044] GFP expression in the Purkinje fibers found in subendocardial surface at the apex of the 

left ventricle. 
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Figure 3: eGFP positive cells present electrical features of conductive 
cardiomyocytes. 

[0045] Comparison of action potential parameters in the mouse ventricular myocardium GFP- 

(VM) and conductive cells GFP+ (RBB, LW). Action potentials were measured on 
opened heart using glass microelectrodes filled with 3mol/L (resistance of 15 to 30M). 
The preparations were driven at pulse duration of 2ms at 2HZ. APs are recorded on 
whole opened heart under U.V. lighting. Values are mean+/- SEM, n= number of cells: 
RMP indicates resting membrane potential; APA, action potential amplitude: 
APD(50,70,90), action potential duration, respectively, at 50% 5 70%, and 90% 
repolarization. 

[0046] Representative AP recordings from VM, ventricular myocardium; RBB, the right bundle 

branch; LW, the left web. 

[0047] Figure 4: Impulse propagation in the bundle branches of Cx40GFP/+ mice in sinus 

rhythm. 

[0048] Methods are as described previously (van Rijen et al. 2001 ; 103). Local electrograms arc 

shown taken from the indicated electrodes, and the specific bundle branch signal is 
marked by an asterisk. The large deflection represent activation of the septal working 
myocardium. Color codes represent local activation times (ins), relative to the remote 
atrial activation and are given for each panel separately. 

[0049] Right bundle branch activation map; conduction velocity at 32 cm/s (average 33.8±1 .4 

cm/s; mean±SEM, N=4). 

[0050] Left bundle branch activation map, conduction velocity at 40 cm/s (average 36.5±2.1 

cm/s; mean±SEM, N=4). The average values are similar to those of wild type mice, i.e., 
31 and 42 cm/s for RBB and LBB, respectively (van Rijen et al. 2001). 

[0051] RBB represented by one fiber GFP+ descending from the His bundle (arrows). The red 
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star indicates the position of the septal artery GFP+ that cross the RBB. 

[0052] LBB is widely distributed on the left septal surface. 

Example 1: The KI Cx40/GFP mouse model 

Material and methods. 

Construction of the targeting vector. 

[0053] A fragment spanning about 12 kb of the locus of the Cx40 gene was isolated from the 

EMBL3 129Sv mouse genomic library. This fragment which included exon 2 
(containing the complete coding sequence) flanked by a 4 kb region upstream, and a 8 kb 
region downstream, was mapped. A subfragment comprising 2.7 kb of 5 genomic 
sequence followed by the first 300 bp of the Cx40 exon 2 was cloned in pBluescript 
(Stratagene). An Ncol site (CCATGG) was created by PCR mutagenesis at the 
translation star site (...AAGATGGGT...) of the exon. 

[0054] The eGFP sequences (Ncol-Xhol fragment, 1008pb, from the pIRES-eGFP, Clonetech) 

was cloned in frame at the Ncol site of the Cx40 start codon. The neomycin selection 
marker, flanked by two identically orientated LoxP sites (LoxP — pgk-neo — LoxP) was 
then introduced after the GFP sequences. Finally, a 3' — - homology genomic 
subfragment (5.7 kb) from the Cx40 locus, including the last 800 bp of exon 2, was 
inserted downstream the LoxP — NeoR — LoxP. The structure of this targeting vector, 
pCx40-KI/GFP is summarized in the figure 1A. 

Generation of knock-in mice. 

[0055] Rl ES cells (129SvJ/Svcp strain) were cultured and maintained in an undifferentiated 

state as previously described (Nagy et al. 5 1993). The pCX40 — KI/GFP vector was 
linearized using Apal and electroporated (240 V. 500 jiF) into ES cells. Genomic DNA 
prepared from 1500 G4 18-resistant clones (350 |ag/mL), was digested with Xbal and 
screened by Southern blot using a 3' external probe, 671 bp, localized downstream the 3' 
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homology arm of the Cx40 gene (+5967 to +6638) (Hennemann et al., 1992). Correct 
targeting clones were further confirmed by Bglll digestion and using a 5 ' external probe, 
668bp, upstream to the 5 ' Cx40 homology arm (-3325 to —2657) (Hennemann et al. 5 
1992). A single integration of the targeting vector was subsequently verified by stripping 
and rehybridizing the Xbal-digested Southern blot with an internal neo probe, 720bp. 

[0056] Four independent recombinant ES cell clones, KI/Cx40-GFP, were injected into 3.5 dpc 

C57B1/6 blastocysts, then transferred to pseudopregnant CBA/C57B1/6 foster mothers. 
Chimeras were crossed with either CD-I mice or C57/B16 mice to generate either a 
129Sv/CDl genetic background, or al29Sv/C57Bl/6 background. 

Expression of the transgene in the 1(1 mice. 

[0057] RT-PCR experiments. Total RNA were extracted from the atria of heterozygous KI 

Cx40/GFP adult mice using TriZol reagent (GIBCO/BRL). 2jag of RNA was reverse 
transcribed using First Strand cDNA Synthesis Kit (Roche Diagnostics). Samples were 
subjected to 30 cycles of PCR employing standard thermocycling conditions: 

denaturation at 92^C for 30s, Annealing at 58^C for 30s and elongation at 72^C for lmin. 
Primers Exonl (Exl) and Exon2 (Ex2) amplified a 380hp band corresponding to the Cx40 
wild type transcripts, whereas Exl and GFP primers produced a 450bp fragment from the 
KI Cx40/GFP allele. 

[0058] Cx40Exl (5'-AGAGCAAATAACAGTGGGCAGTTGA-3') (SEQ ID No II); 

[0059] Cx40Ex2 (5 5 -ACC AGGCTG AATGGTAT-CG-3 ' ) (SEQ ID No 2); 

[0060] GFP (5'- AGAAGTCGTGCTGCTTCATG-3 ') (SEQ ID No 3). 

Observation of green fluorescence. 



[0061] 



Adult mice were anesthetized and perfused in the dorsal aorta with phosphate-buffered- 
saline (PBS) to remove the excess of blood. The heart was isolated and examined in PBS 
under MZ10 stereomicroscope equipped with GFP excitation sources and appropriate 
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filters (Leica GFP Plus fluorescence filter set). Images of fluorescent tissues were 
directly acquired with a digital camera (software Nikon ACT-1). For sectioning, adult 

tissues were fixed in freshly prepared 4% (wt/vol) paraformaldehyde solution at 4§C for 
one hour, then washed in PBS 5 and incubated successively in 15% (wt/vol) and 30% 

(wt/vol) sucrose at 4§C overnight. Tissues were embedded in OCT compound, frozen on 
dry ice and cryosectioned between 15 and 20 |im. Finally, sections were washed, 
mounted with Dabco-Mowiol and observed using a microscope equipped with a FITC 
filter (Zeiss). 

Immunofluorescence experiments. 

Cryosections were washed in PBS and then incubated with a saturation solution made 
with PBS containing 2% (wt/vol) BSA and 0.05% (wt/vol) saponin. The primary 

antibody diluted in the saturation solution was added for overnight incubation at 4^C. 
After washing, the sections were incubated with a secondary antibody for 1 hour at room 
temperature. After washing, sections were mounted in Dabco-Mowiol. Anti-Cx40 rabbit 
antibodies was used at 4 |ig/mL (Gros et al., 1994). A Secondary antibodies used were 
Texas-Red conjugated donkey anti-rabbit IgGs (Jackson ImmunoResearch Lab.) diluted 
at 1:200. 

Action potential recordings. 

Mice were anesthetized, hearts were excised and immersed in a standard solution 
containing (mM): NaCl, 130; NaHC03, 24; NaHP04, 1.2; KC1, 4; CaC12, 1.8; MgC12, 1; 

glucose, 11; saturated with 95%02 and 5%C02 at 36°C (pH=7.4). After removal of the 
atria, the left ventricle was opened to expose the conduction system which can be 
visualized by fluorescence light microscopy. The preparations were pinned to the bottom 
of a 10 ml organ bath and superfused continuously with standard solution at the rate of 
2ml/min. Transmembrane potentials were recorded by conventional glass 
microelectrodes filled with 3mol/L KC1 (resistance of 15 to 30 M). The preparations 
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were driven at pulse duration of 2ms at 2 HZ. Actions potentials were digitized and 
analyzed with Pclamp6 5Axon Instruments Union city, CA ? USA) and Origin Softwares 
(Microcal Software, Northampton, USA). 

ECG recording and septal mapping. 

After anesthesia (urethane 2g/kg body weight), standard 3 -lead EGG recordings were 
performed, digitized at 2 kJIz and stored for off-line analysis. Subsequently, the hearts 
were excorporated, connected to a Langendorff setup and extracellular epicardial 
electrograms were recorded during sinus rhythm (SR) as previously described (van Rijen 
et al., 2001 ; van Veen et al., 2002). For mapping of the bundle branches, the right and 
left ventricular free walls. The 13x19 electrode grid (electrode spacing 300 pm; 
frequency, 4 kHz) was positioned on the septum and recordings were carried out in SR. 
Activation maps were constructed from activation times using custom. -written software 
(Potse et al., 2002). Maximal negative dV/dt in the unipolar electrograms was selected as 
the time of local activation. Maximum conduction velocities were determined by hand 
from the activation maps constructed from paced electrograms during basic stimulation. 

Results 

Insertion of the eGFP coding sequence into the Connexin 40 gene locus was achieved by 
homologous recombination (Figure IA). Embryonic stem (ES) cell clones harboring the 
targeted allele, Cx40KI-eGFP, were identified by Southern blotting (Figure IE). 
Heterozygous mice were obtained and two independent lines were established. The 
Cx40 KIGFP/+ mice are viable, fertile and transmit the knock-in allele to the offsprings with 
a Mendelian frequency Transcription of the knock-in allele was verified by reverse 
transcriptase-polymerase chain reaction (RT-PCR) (Figure 1C). Immunofluorescence 
with an anti-Cx40 antibody was performed to confirm the co-expression of eGFP and 
Cx40 in the same cells (Figure 1 D,E). In adult Cx40 KIGFP/+ mice, eGFP fluorescent is 
observed in the endothelial cells of the main blood vessels (not shown) and in cardiac 
coronaries (Figure 2A). In the heart, eGFP is detected in the right and left atria (Figure 
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2A). Sections of atria shows that all atrial cardiomyocytes are OFF positive (Figure 1 F). 
After removal of the atria, the common His bundle is easily identified by a strong 
expression of GFP at the top of the interventricular septum (Figure 2B). The AVN is 
visible at the extremity of the common His bundle just beside the tricuspid valve in the 
right ventricle (Figure 2D) Ventricular cavities were cut on one side and then opened to 
observe green fluorescent in the entire ventricular CCS present on the internal surfaces of 
each ventricle (Figure 2C, D) On the left side of the septum, the left bundle branch (LBB) 
is composed by an important ramification of fibers coming from the His bundle and 
running parallel toward the apex of the heart (Figure 2C). The number of fibers 
composing the LBB differed from one animal to another but it was always distributed 
over the left septal surface. From the middle of the septum side, the LBB ramifies into a 
dense network of Purkinje fibers (P0, which cover a large part of the internal ventricular 
cavity. As it was observed in big mammals (Anderson et al., 1975), the size of the 
proximal branching of the LBB is thinner in comparison to the Pf. Moreover, in contrast 
to the fibers of the LBB parallel organized, the Pf formed a web of mixed up fibers 
(Figure 2C). The picture of the CCS given in the right ventricle differs from the left side 
by different anatomic details (Figure 2D) Firstly, the RBB includes only one branch 
reliable from the common His bundle and descending along the right septal surface. 
Secondly, the RBB ramifies at about halfway toward the apex and from this important 
branching only few fibers are connected to the network of Pf principally localized on the 
surface of the right ventricular free wall. These data show for the first time the entire 
image of the murine cardiac conduction system. It is noteworthy that the discrepancies 
observed in the left and right bundle branches, correspond point to point to the first 
description of cardiac conduction system in human by Tawara et al in 1906 and more 
recently by Anderson et al. Even if the murine Pf are not distinguishable by fibrosis like 
in human, these results show that the arrangement of the entire CCS is identical in both 
species. 
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Histological analyses were performed to explore in more details the different components 
of the CCS. As it was defined before, there is a distinction between nodal cells forming 
the SAN and the AVN that present specific features of pacemaker and that are defined as 
slow conductive cells which do expressed the Cx45 and not the Cx40 marker (Boyett et 
al 5 2000; Coppen et aL, 1999; Verheijck et aL, 2001). The Cx40 is considered by its 
distribution and by its conductance properties as a marker for rapid conduction cells like 
the Purkinje cells (Gros et al. 5 1994). In the SAN, no GFP fluorescent has been observed 
in the nodal cells confirming the results that the Cx40 gene is not expressed in these cells 
(Verheijck et aL, 2001) (Figure 2E). The only GFP positive cells detected in this region 
correspond to the endothelial cell of the nodal artery (Figure 2K, arrowhead). However, 
GFP fluorescent is present in the surrounding crista terminalis of the right atrium. In 
consequence, the SAN represents the only negative structure of the atria in the Cx40 GFP/+ 
mice. The AVN is in continuity of the His bundle and it is positive for GFP (Figure 2F). 
However, the compact node presents an heterogeneity of cells expressing GFP suggesting 
that Cx40 is not expressed in the totality of the nodal cells. Using a Cx40 antibody, only 
few positive cells can be positively detected in the center of the node. The wider 
expression of GFP in the AVN can be explained by the higher sensitivity of GFP 
detection compared to immunofluorescence with an anti-Cx40 antibody. Saggital 
sections of the interventricular septum allow the visualization of the HIS bundle, the LBB 
and RBB which all are GFP positive (Figure 2G) The cardiac conduction system ends by 
the presence of numerous Pf at the endocardial surface of ventricular walls (Figure 2G). 
These histological analyses confirmed that the murine Pf are exclusively localized at 
subendocardial position, we do not observe penetrating GFP+ cells in the ventricular free 
wall. The high level of GFP in the Purkinje cells forming the His and Purkinje system is 
related to the rapid conduction observed in these cells. Indeed, the presence of a large 
number of gap junctions have been observed between these cells (James and Sherf, 
1971). 
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[0067] To characterize electrical features of these cells, we performed action potentials (APs) 

recordings from ventricular myocytes identified as working GFP-, or conductive GFP+. 
APs of GFP+ cells from the RBB and the left web, display a distinct profile in 
comparison to the GFP- working cardiomyocyte that is triangulated and with no plateau 
(figure 3 A, 3B, 3C). The AP profile of a GFP+ conductive cardiomyocyte is 
characterized by a rapid phase 1 repolarization and a very distinct plateau in phase 2. 

[0068] The analysis of AP parameters shows that the action potential duration is significantly 

more prolonged in conductive cardiomyocytes than in working myocardium (table 1 ; 
APD70 and 90). These results are in accordance with those obtained by Anumonwo et 
al. (2001), indicating that GFP+ cardiomyocytes are representative of the pool of 
conductive cardiomyocytes. The specificity of an AF profile is due to the heterogeneous 
distribution of ion channels in the cardiomyocytes. Comparison of ionic channel subunits 
expression in canine Pf and ventricular myocytes has demonstrated a different 
composition of these channels in both cell type in accordance with their proper ionic 
properties (Han et al. 5 2002). 

[0069] Moreover, we have measured the electrical activation maps of each BB under sinus 

rhythm. After removal of the left and right ventricular free wall, a microelectrodes grid 
was applied on the left or right septal wall to measure the specific bundle electrical 
activity maps. Typical example of left septal activation pattern shows a wide distribution 
of activated electrodes on the left septal width from base to apex (figure 4A). The 
electrical activation map recorded on the left septum matches perfectly with the large 
repartition of fibers of the LBB revealed by the GFP expression (Figure 4C). The right 
septal activation map is characterized by a thin pattern of activation that is compatible 
with the compact structure of the RBB seen by GFP (Figure 4B, D). Moreover, ECGs of 
heterozygous mice KI Cx40/GFP have been analyzed and were not significantly different 
from control animals (not shown). These data indicate that the expression of eGFP in the 
CCS does not impaired the electrical propagation and prove that this mouse model can be 
used as reference for normal cardiac electrophysiological analyses. 
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[0070] The development of transgenic technology in the mouse has allowed the establishment of 

murine models for genetic cardiac diseases such as long QT syndrome and hypertrophic 
cardiomyopathies (London et al., 1998; Reddy et al.. 1996). Also, several mouse mutants 
already exist with defects in ionic channels composition and they are very helpful in the 
understanding of the electrophysiological mechanisms underlying arrhythmias (Baker et 
al., 2000; Nuyens et al., 2001 ; Papadatos et al., 2002). Moreover, a number of 
conduction defects have been identified in knock-out mice for the Cx40 gene or the 
transcription factor HF-lb (Kirchhoff et al., 1998; Nguyen-Tran et al., 2000; Simon et al., 
1998). If electrophysiological recordings have been performed in the whole animal or on 
isolated working cardiomyocytes, none of these mutants were examined for their direct 
effect on the CCS. By intercrossing the Cx40 GFP+ mice with other mouse mutants, this 
model will be helpful to directly and precisely analyze defects of the conductive 
cardiomyocytes. The mouse model is not the more appropriate model to study 
arrhythmias because a number of discrepancies exist between the mouse and human like 
the heart size, the heart beats and other electrophysiological parameters (Baker et al.. 
2000). This explains why larger mammals like rabbit or dog are usually used to study the 
CCS and its physiopathology. Nevertheless, the mouse represents the model of choice 
for transgenic technology and ethical reasons. Exploring the fact that a perfect 
conservation has existed during evolution, in the structure of the CCS in both species, a 
better understanding of the basic mechanisms underlying these diseases in the mouse will 
opened the development of new curative therapies. 

[0071] In conclusion, the KI Cx40/GFP mice represent a powerful and unique model to 

investigate the molecular and physiological mechanisms implicated the differentiation of 
the cardiac conduction system. 
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